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Effect  of  Hardness,  Surface  Finish  and 
Grain  Size  on  Rolling  Contact  Fatigue 
Life  of  M50  Bearing  Steel 


4,  *  ‘  ^ 


R.  A.  BAUGHMAN 


Specifications  set  for  antifriction  bearing 
procurement,  Including  hardness,  grain  size  and 
surface  finish  are  based  primarily  on  results  ob¬ 
tained  through  experience  on  full-scale  bearing 
tests.  This  technique  is  satisfactory  and  has  re¬ 
sulted  In  excellent  progress  In  bearing  develop¬ 
ment.  It  Is,  however,  fallacious  to  assume  that 
bearing  tests  are  the  Ideal  manner  to  study  Isola¬ 
ted  variables  because  of  the  numerous  other  vari¬ 
ables  which  are  part  of  the  manufacturing  cycle  and 
which  may  affect  life.  The  difficulty  of  Isolating 
one  particular  variable  for  the  puarpose  of  evalu¬ 
ation  by  bearing  tests  Is  overwhelming.  The  devel¬ 
opment  of  the  RC  Rlg^  has  made  possible  the  Isola¬ 
tion  and  study  of  c ne  variable  at  a  time. 

In  order  to  determine  the  significance  of 
these  variables  as  related  to  bearing  life  for 
design  and  manufactuflng  purposes,  the  primary  and 
secondary  effects  of  these  variables  upon  fatigue 
life  must  be  separated  and  analyzed.  This  Is  ne¬ 
cessary  In  order  to  establish  optimum  conditions 
for  these  variables.  Stress  level  Is  another  vari¬ 
able  Included  to  Introduce  some  flexibility  to  the 
applicability  of  the  results. 

In  ord'-T*  to  separate  the  effects  of  the  varl- 


ables  upon  fatigue  life,  a  statistical  Is 

used.  A  complete  description  of  the  s-tlftlSlAtal 
techniques  employed  In  designing  this  statistical 
experiment  and  In  analyzing  the  statistical  results 
Is  beyond  the  scope  of  this  paper.  It  Is  suffi¬ 
cient  to  note,  however,  that  the  several  variaf  cs 
affecting  life  are  separated  by  various  regression 
methods  and  by  advanced  methods  of  order  statistics. 


The  material  used  for  this  Investigation  was 
a  Vanadium  Alloy's  air-melted  heat  of  M-50,  Heat 
No.  52006.  A  series  of  heat-treat  studies  was 
conducted  to  obtain  the  desired  range  of  hardness 
and  grain  size.  Austenitizing  was  accomplished  at 
2200  P  with  time  Increasing  for  Increased  grain 
size.  Double-tempering  treatments  were  always  used 
with  temperature  Increased  to  decrease  iiardness. 
Hardness  was  checked  by  macro  and  micro  hardness 
tests,  grain  size  by  metallographlc  examinations. 

Tc  obtain  the  surface- finish  range  desired,  differ¬ 
ent  grades  of  grinding  wheels  were  used  on  the  cen¬ 
terless  grinder.^  Metallographlc  polishing  tech¬ 
niques  were  imployed  on  extremely  fine  surface  fin¬ 
ish  levels  (1.5  RMS).  Surface  finish  was  checked 
via  standard  profllometer  Instruments. 


1  R.  A.  Baughman,  "Experimental  Laboratory  - 
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To  eliminate  the  effect  of  dissimilar  variables 
In  the  RC  Rig  rollers,  the  rollers  were  mated  iden¬ 
tically  with  each  set  of  test  bars.  That  Is,  at 
any  given  condition  of  the  test  bars,  the  rollers 
had  Identical  grain  size,  hardness,  and  svirface 
finish , 

MII-I.-7808  lubricant  at  20  drops  per  min 
(equivalent  to  flooding)  was  used  throughout  the 
test  program.  All  tests  were  run  at  room  tempera¬ 
ture, 

EXPERIMENTAL  TEST  RESULTS 

The  results  of  experimental  fatigue  tests  are 
given  In  Table  1.  Four  tests  were  conducted  at 
each  combination  of  grain  size,  hardness,  surface 
finish,  and  stress  level.  As  expected,  great  vari¬ 
ations  In  fatigue  life  were  exhibited  In  spite  of 
the  fact  that  four  repetitive  tests  were  run  under 
Identical  conditions.  This  variation  In  life  (scat¬ 
ter)  Is  due  to  the  property  that  any  finite  collec¬ 
tion  of  test  results  for  a  fixed  set  of  conditions 
belongs  to  some  definite  population,  defined  by 
the  manner  In  which  the  fatigue  lives  of  the  In¬ 
dividual  members  are  distributed  within  the  popula¬ 
tion.  An  e'stlmate  of  this  population  Is  obtained 
by  constructing  a  graphical  picture  of  the  data 
commonly  plotted  In  Welbull^  form  Is  a  plot  of  the 
per  cent  of  tests  failed  as  the  ordinate  versus  the 
cycle  to  failures  as  the  abscissa.  This  distribu¬ 
tion  Is  linear  when  plotted- on  Welbull  distribution 

^ Welbull ,  "A  Statistical  Distribution  Function 
of  Wide  Applloablllty,"  Journal  of  Applied  Mechanics 
September,  1951- 
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paper.  Values  obtained  from  such  plots  are  given 
In  Table  2. 

The  use  of  only  four  tests  for  each  condition 
of  grain  size,  hardness,  and  surface  finish  Is 
admittedly  a  bare  minimum.  Its  Justification  Is 
based  upon  reproducibility  studies,  previously 
published^  of  the  RC  Rig  method  for  rolling  contact 
testing.  The  simplicity  of  the  testing  method 
tends  to  reduce  the  scatter  and  therefore  the  num¬ 
ber  of  tests  necessary  to  establish  the  position 
and  slope  of  the  Welbull  graph.  It  has  been  ob- 
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TABLE  5  EXPERIMENT  TO  DETERMINE  THE  EFFECT  OF  HARDNESS,  GRAIN  SIZE.  SURFACE  FINISH  Anj  STHt.SS  ON  LIFE  OF  BEARING  MATERIALS 
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Rc-ROCKWELL"C”  HARDNESS  GS -GRAIN  SIZE  ASTM  S.F  =  SURFACE  FINISH  (r  m  s) 


SURFACE  FINISH  (rm.S) 


Fig.  1  Giaphical  tepresentar'on  of  Bjq  fatigue  life  equation 
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Fig.  2  Comparison  of  computed  and  experimentally  obtained  Bjq  fatigue  life 

versus  grain  size 


served  that  slope  and  position  of  the  values  stud¬ 
ied  move  only  slightly  when  based  on  more  than 
four  test  points. 

In  order  to  compare  the  test  results  on  an 
equal  basis,  these  results  are  evaluated  and  com¬ 
pared  at  the  same  stress  level.  This  was  accom¬ 
plished  by  Interpolation  of  ®50  lives  of 

the  repetitive  tests  between  stress  levels,  assum¬ 
ing  a  linear  variation  between  stresses.  The  lives 
at  700. OhO  psl  are  tabulated  in  Table  5  according 
to  decreasing  Bjo  life ,  and  Table  4  according  to 
decreasing  B50  life.  These  results  indicate  that 
B50  life  Is  predominantly  dependent  upon  hardness 
while  Bio  life  Is  dependent  upon  the  Interaction 
of  hardness,  grain  size  and  surface  finish. 


GENERAL  FATIGUE  LIFE  EQUATION 

The  general  equation  relating  hardness,  sur¬ 
face  finish,  and  grain  size  to  fatigue  life  as 
obtained  from  a  statistical  analysis  of  the  test 
data  Is  of  the  following  form; 

Y  =  ^0+ 6.^1+ <^2^2+ '^3^3+'^4X4- ••+ ^11X1^+ (^22X2^+^33X3^ 
+  2X1X2. .  -+  ^:3X5+(^14XiX4+^^23^2^5 

where 

Y  =  same  measure  of  fatigue  life 
=  a  function  of  hardness 
Xp  =  a  function  of  grain  size 
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Xj  =  a  function  of  surface  finish 
X4  »  a  function  of  maximum  Hertzian  stress 
^  =  general  coefficient  to  be  deteirolned  by 
statistical  methods  applied  to  test  data 

As  can  be  seen  from  this  equation,  both  the 
independent  and  the  Interaction  effects  of  hard¬ 
ness,  grain  size  and  surface  finish  are  considered. 
This  equation  also  Includes  the  maximum  Hertz  stress 
as  a  variable. 

RESULTS  OP  STATISTICAL  ANALYSIS  (Bio  LIFE  EQUATION) 

The  results  of  the  statistical  approach  are 
tabulated  In  Table  5.  As  can  be  seen  from  the 
table,  the  various  coefficients  of  the  general  life 


equation  are  evaluated  for  different  measures  of 
fatigue  life.  One  commonly  used  measure  Is  the 
Bio  fatigue  life.  The  Bjq  life  of  a  collection  of 
tests  Is  the  life  up  to  which  10  per  cent  of  tests 
in  a  population  will  have  failed.  This  life  Is  of 
primary  Interest  In  that  we  are  generally  more  in¬ 
terested  In  being  able  to  predict  the  occurrence  of 
early  failures  rather  than  the  magnitude  of  the 
mean  life.  Nhlle  It  Is  not  possible  to  predict 
the  Bio  life  from  a  given  number  of  failures  with 
the  same  degree  of  confidence  as  that  obtained  for 
the  mean  life,  the  statistical  results  of  this  anal¬ 
ysis  are  at  a  significant  level  of  almost  10  per 
cent. 

Representative  graphical  presentations  of  the 
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Fig.  5  B]^o  fatigue  life  versus  barclness 


Fig.  6  Bio  fatigue  life  vereus  hardness -grain 
size-4  -  maximum  Hertzian  stress  700,  000  psi 


results  of  the  life  equation  are  shown  in 
Wg.l. 

DISCUSSION  OP  RESULTS  PREDICTED  BY 
THE  Bio  EQUATION 

The  effects  of  hardness,  stress,  surface  fin¬ 
ish,  and  grain  size  t«5on  the  Bio  fatlque  life  of 
M-50  are  expressed  by  the  Biq  life  equation  are 
shown  In  Plg.l.  As  can  be  seen  from  the  curve, 
this  math^natlcal  e:q)resslon  predicts  lives  which 
are  negative  for  various  combinations  of  the  test 
variables.  This  equation  also  predicts  an  Increase 
In  life  as  the  stress  level  Increases  for  other  com¬ 
binations  of  these  variables.  These  peculiar  re¬ 
sults  may  be  attributed  to  the  fact  that  the  Ini¬ 
tial  general  equation  Is  of  a  quadratic  form  for 
each  variable.  In  effect,  this  assumes  that  each 
variable  produces  a  life  which  passes  through  either 


Fig.  7  fatigue  life  versus  hardness  -  grain 
size-6  -  maximum  Hertzian  stress  700,  000  psi 
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Fig.  8  B  2Q  fatigue  life  versus  hardness 


a  minimum  or  a  maximum  as  the  variable  Is  monltorl- 
cally  increased. 

Qr^hlcal  comparisons  of  the  test  results  and 
the  results  obtained  from  the  empirical  B^^q  fatigue 
life  equation  are  made  in  Pigs. 2,  3,  and  4. 

Pig. 2  shows  that  a  close  correlation  exists 
between  the  mathematically  predicted  effects  of 
grain  size  upon  the  Bio  life  and  the  effects  of 
grain  size  obtained  experimentally. 

The  effect  of  surface  finish  upon  life,  how¬ 
ever,  Is  not  clearly  defined.  Although  Pig. 3 
shows  a  good  correlation  between  the  mathematically 
predicted  and  e3q)erlmentally  obtained  lives,  only 
Pig. 3(d)  substantiates  the  result  that  a  minimum 
life  occurs  at  a  surface  finish  of  about  10  ms. 

It  Is  felt  that  these  predicted  minimum  lives  are 
greatly  influenced  by  a  set  of  high  lives  obtained 
at  a  surface  finish  of  I7  ms  (see  Table  3).  Since 
only  one  set  of  test  data  Is  obtained  at  this  rela- 
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Fig.  9  Bio  fatigue  life  versus  hardness 
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Fig.  12  B]o  fatigue  life  versus  hardness 
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TABLE  6  CONVERSION  TABLE 
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tlvely  coarse  surface  finish,  any  conclusions  based 
predominantly  upon  this  data  must  be  questioned. 

Prom  Pig. 4,  we  find-  that  the  equation  relating 
stress  to  life  is  not  valid  for  certain  combinations 
of  grain  size,  has^dness,  and  surface  finish.  In 
view  of  these  shortcomings,  the  discussion  of  the 
results  must  be  restricted  within  certain  limiting 
values  of  each  variable. 

This  discussion  of  results  irtilch  follow  are 
valid  for  hardnesses  greater  than  54  RC ,  grain  size 
larger  than  ASTM  10,  and  surface  finishes  better 
than  1C  rms.  In  order  to  simplify  the  B^q  equation, 
the  stress  variable  Is  eliminated  by  evaluating  all 
lives  at  a  modified  Hertz  stress  of  approximately 
700,000  psl.  The  resulting  equation  Is  called  the 
"Modified  Bio  Patlgue  Life"  equation  since  It  elim¬ 
inates  all  of  the  stress  dependent  terms. 

THE  "MODIPIED  Biq  PATIQUE  LIPE"  EQUATION 

In  order  to  obtain  our  modified  equation,  the 
general  life  equation  Is  rewritten  as  follows: 
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Fig.  i4  BjQ  fatigue  life  versus  hardness 
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Fig.  16  Biq  fatigue  life  versus  surface 
finish 


Pc  54  MMIMUM  HERTZIAN  STRESS  700,000  psi 


2  3  4  5  fc  7  8  9  10  II  12  13  14  15  H. 

Surface  Finish  (rm.s) 

Fig.  15  B■^Q  fatigue  life  versus  surface  finish 


Life  =  ^o+Xi[^1+^11^1-^12X2+^13X3]  • . . 

+X2[f^2+t|2V<^23S]  +^3[^3+^33X3]  ••• 

^24^2+^34^3  j 

At  a  maxlmuin  Hertz  stress  of  696,440  psl  (assumed 
to  be  700,000),  =  0,  (Table  4).  If  we,  there¬ 

fore,  evaluate  our  lives  at  a  stress  of  700»000 
psl,  the  modified  equation  reduces  to; 

B^q  Life  (700,000  psl)  = 

Po+Xl[<^l+^llXl+  ^12^2-^Pi3^3]  ■  •  ■ 

+X2[^2+(|2V43S]  ••• 

^^3p3+^33X3] 

which  Is  limited  to; 

1  Maximum  Hertz  stress  of  700,000  psl. 

2  Hardnesses  greater  than  54  RC . 

3  drain  size  larger  than  ASTM  10. 

4  Surface  finishes  better  than  10  ims 


tc  bl>;i  MAXIMUM  MIRTZMN  STAEM  700,000  Ml 


SURFACE  FINISH 


Fig.  17  B^o  fatigue  life  versus  surface 
finish 


because  of  the  statistical  data  used  In  obtaining 
the  equation. 

Values  of  X^,  X2.  and  X.^  are  tabulated  In 
Table  6. 

QUANTITATIVE  RESULTS  OF  MODIFIED 

b^q  fatigue  life  equation 

The  graphical  representation  of  the  effects 
and  Interactions  of  hardness,  grain  size,  and 
surface  finish  upon  the  B^^q  fatigue  life  on  M-50 
bearing  material  are  shown  In  Figs.  5  to  17.  Figs. 

5  to  9  represent  the  interaction  effects  of  grain 
size  and  surface  finish  upon  fatigue  life  at  differ¬ 
ent  levels  of  surface  finish.  Figs. 10  to  14  repre¬ 
sent  the  Interaction  effects  of  surface  finish  and 
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Fig.  19  Bjo  life  versus  finish  for  various  hardnesses  and 
grain  sizes 


Grain  Size  Sensitivity 

Fig.  20  B^q  versus  hardness  for  various  grain  sizes  and  sur¬ 
face  finish 
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Fig.  21  Bjq  life  versus  hardness  for  various  grain  sizes  and 
surface  finish 


hardness  upon  life  at  different  grain  size  levels. 
Pigs. 15  to  17  represent  the  interaction  effects  of 
surface  finish  and  grain  size  upon  fatigue  life  at 
different  levels  of  hardness.  These  results  are 
graphically  summarized  In  the  grain  size,  surface 
finish,  and  hardness  "sensitivity  curves",  Flgs.18 
to  21. 

DISCUSSION  OP  QUALITATIVE  RESULTS  OBTAINED 
PROM  MODIFIED  FATIGUE  LIFE  EQUATION 

Although  the  quantitative  results  obtained 
from  the  formula  are  based  upon  a  maximum  Hertz 
stress  of  700,000  psl,  the  qualitative  results 
Indicate  the  following  effects  of  hardness,  grain 
size,  and  surface  finish  upon  the  Biq  life  of  M-50. 

a)  Effect  of  Hardness  Upon  the  Bin  Fatigue 
Life  of  M-50  (For  Hiirdnesses  Greater  than  54  RC) . 
For  hardnesses  greater  than  54  RC,  the  Bio  fatigue 
life  of  M-50  increases  with  increasing  hardness, 
reaches  a  maximum  life  at  an  optimum  hardness,  and 
then  decreases.  This  effect  Is  shown  In  Figs. 5  to 
14.  This  optimum  hardness  Is  not  a  constant  but 
varies  with  s\irface  finish  and  grain  size.  This 
effect  Is  rhown  In  Pig. 22, 


b)  Effect  of  Grain  Size  Upon  the  Bin  Fatigue 
Life  of  M-50  (For  Grain  Sizes  Larger  than  ASTM  1C). 
For  grain  size  larger  than  ASTM  10,  the  B^q  fatigue 
life  increases  as  the  g^a^n  size  Increases.  The 
Bio  life  ^preaches  a  constant  maximum  value  at  the 
large  grain  sizes  and  decreases  rapidly  as  the  grains 
become  smaller.  This  effect  Is  shown  in  Pig. 20. 

c)  Effect  of  Surface  Finish  Upon  the  Bio 
Fatigue  Life  of  M-50  (For  Surface  Finishes  Better 
than  10  rms) .  For  surface  finishes  better  than  10 
rms,  the  fatigue  life  increases  as  the  surface  fin¬ 
ish  Improves.  This  life  Increases  steadily  with 
Improving  surface  finish  and  approaches  a  minimum 
at  a  surface  finish  of  10  rms.  This  effect  Is 
shown  In  pig. 21. 

d)  Interaction  Effects  of  Grain  Size,  Surface 
Finish,  and  Hcirdness  Upon  the  Fatigue  Life  of 
M-50  (For  Hardness  >  34,  Surface  Finish  <  10  rms. 
Grain  Size  >  ASTM  10) .  Within  the  limiting  regions 
of  each  variable  mentioned  above,  the  Interaction 
effects  between  the  vzirlables  may  be  best  explained 
In  terms  of  the  "sensitivity"  curves.  These 
curves  represent  a  measirre  of  the  sensitivity  of 
fatigue  life  upon  two  of  the  variables  at  different 
levels  of  the  third  variable.  The  most  significant 
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Fig.  23  Comparison  of  computed  experi¬ 

mental  results  (maximum  Hertzian  stress  -  “00,  000  psi 


life  Is  extremely  sensitive  to  grain  size  and  sur¬ 
face  finish.  The  area  under  this  curve  Is  a  mea¬ 
sure  of  this  sensitivity.  This  sensitivity  de¬ 
creases  at  the  Intermediate  hardness  level  of  5t 
Rc,  and  the  life  becomes  Insensitive  to  varia¬ 
tion  In  grain  size  and  surface  finish  at  the  low 
hartinesB  level  of  5^  r-.C,  Results  obtained  fr^m 
the  grain  size  and  surface  sensitivity  cum/es  do 
not  exhibit  this  same  drastic  interaction  effect, 
although  decreased  ranges  In  predicted  life  occur 
as  the  grain  sizes  decrease  and  tM  surface  finish 
becomes  poor.  Tltls  effect  Is  shown  In  Pigs.  It 
and  19. 

SUMMARY 


Fig.  22  Effect  of  gtain  size  and  surface  finish  upon  op¬ 
timum  bearing  hardness 


resiilts  can  be  seen  from  the  "hardness  sensitivity" 
curves  In  Pigs.  20  and  21.  These  curves  show  that 
at  the  high  hardness  level  of  62^/4  RC,  the 


The  effects  of  hardness,  grain  size  and  sur¬ 
face  finish  upon  fatigue  life  of  M-50  arre  evaluated 
within  certain  ranges  of  each  variable.  The  ex¬ 
perimental  cund  computed  results  compare  favorably 
at  the  various  hardness,  surface  finish  and  grain 
size  levels.  Pig. 23.  It  should  be  noted,  however, 
that  this  comparison  Is  based  upon  limited  data, 
which  Is  highly  statistical.  In  addition,  further 
approximations  are  Introduced  Into  this  analysis  by 
converting  all  the  test  data  to  a  stress  level  of 

700,000  psl. 
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